We revisit the degeneracy between massive neutrinos and generalized theories of gravity in the framework of effective field theory of cosmic acceleration. In particular we consider f (R) theories and a class of non-minimally coupled models parametrized via a coupling to gravity which is linear in the scale factor. In the former case, we find a slightly lower degeneracy with respect to what found so far in the literature, due to the fact that we implement exact designer f (R) models and evolve the full linear dynamics of perturbations. As a consequence, our bounds are slightly tighter on the f (R) parameter but looser on the summed neutrino mass. We also set a new upper bound on the Compton wavelength parameter Log 10 B0 < −4.1 at 95% C.L. with fixed summed neutrino mass ( mν = 0.06 eV) in f (R) gravity with the combined data sets from cosmic microwave background temperature and lensing power spectra of Planck collaboration as well as galaxy power spectrum from WiggleZ dark energy survey. We do not observe a sizable degeneracy between massive neutrinos and modified gravity in the linear parametrization of non-minimally gravitational coupling model. The analysis is performed with an updated version of the EFTCAMB/EFTCosmoMC package, which is now publicly available and extends the first version of the code with the consistent inclusion of massive neutrinos, tensor modes, several alternative background histories and designer quintessence models.
I. INTRODUCTION
The direct measurements of neutrino flavor oscillations provide evidence for non-zero neutrino masses, but give no hint on their absolute mass scale (see e.g. the reviews [1, 2] ). Cosmology, on the other hand, provides a powerful, complementary way of placing constraints on the sum of the mass of neutrinos (see e.g. the reviews [3, 4] ). Indeed massive neutrinos can significantly affect the distribution of large-scale structure (LSS) and the pattern of cosmic microwave background (CMB) anisotropies depending on the value of their mass. The current constraint from CMB experiments on the summed neutrino mass fixes the upper limit at m ν < 0.66 eV (95%; Planck+WP+highL) for a flat ΛCDM cosmology [5] . Besides slightly affecting the expansion history, massive neutrinos leave an imprint on the dynamics of linear scalar perturbations. On scales smaller than their mass scale neutrinos free stream damping the structure and accordingly diminishing the weak lensing effect on those scales [6] . Furthermore, they contribute an early Integrated-Sachs Wolfe (ISW) effect because their transition from relativistic to non-relativistic happens on an extended redshift interval which, for the typical neutrino mass ( m ν ∼ 0.1 eV), overlaps with the transition from radiation to matter [6] .
Similar effects are also observed in dark energy (DE) and modified gravity (MG) models that address the phenomenon of cosmic acceleration. The latter generally involve an extra, dynamical massive scalar d.o.f. which mediate a fifth force between matter particles and can have a speed of sound different from unity. Besides affecting the background dynamics such as to source cosmic acceleration, on linear scales the field can modify significantly the clustering of matter as well as the sub-horizon dynamics of metric potentials on scales below or above its characteristic lengthscale. Hence, structure formation, the ISW effect and weak lensing effect will be modified accordingly [7] [8] [9] . Based on these considerations, a degeneracy between massive neutrinos and the dark sector is expected, and in general neutrinos bounds depend significantly on the cosmological model within which they are analyzed. This has been investigated by several authors [10] [11] [12] [13] [14] .
In this paper we investigate the degeneracy between massive neutrinos and cosmological models which deviate from general relativity by the inclusion of an extra scalar degree of freedom in the framework of effective field theory (EFT). In particular, we extensively analyze f (R) theories, with the designer approach, updating the bound on the Compton scale parameter B 0 with and without massive neutrino. We also consider a linear EFT parametrization of non-minimally coupled models. We use mainly CMB and LSS observables as described in detail in Section II. The present investigation is made by means of EFTCAMB and EFTCosmoMC [15, 16] . These are patches of CAMB/CosmoMC [17] [18] [19] which allow to investigate the evolution of linear perturbations in a model independent way as well as in any specific DE/MG model that can be cast into EFT framework of cosmic acceleration formulated by [20] [21] [22] .
A new release of EFTCAMB which is fully compatible with massive neutrinos is now available at http:// wwwhome.lorentz.leidenuniv.nl/~hu/codes/. Let us note that the new version of EFTCAMB/EFTCosmoMC has been also equipped with several alternative DE equation of state parametrizations [23] [24] [25] , the tensor perturbations equation and designer minimally coupled quintessence models. This release comes with detailed notes [26] .
II. OBSERVABLES AND DATA
In our analysis we will use different combinations of the following data sets. We employ the Planck temperaturetemperature power spectra considering the 9 frequency channels ranging from 30 ∼ 353 GHz for low-modes (2 ≤ < 50) and the 100, 143, and 217 GHz frequency channels for high-modes (50 ≤ ≤ 2500) [5, 27] . In addition we include the WMAP low-polarization spectra (2 ≤ ≤ 32) [28] in order to break the degeneracy between the re-ionization optical depth and the amplitude of CMB temperature anisotropy. In the following we will denote the combination of the two above data sets as PLC. We also include the Planck 2013 full-sky lensing potential map [29] , obtained by using the 100, 143, and 217 GHz frequency bands that resulted in a detection of the CMB lensing signal with a significance greater than 25σ. We will refer to this data set as the lensing one. The baryon acoustic oscillations measurements, that we will denote as BAO, are taken from the 6dFGS (z = 0.1) [30] , SDSS DR7 (at effective redshift z eff = 0.35) [31, 32] , and BOSS DR9 (z eff = 0.2 and z eff = 0.35) [33] surveys. Finally we use measurements of the galaxy power spectrum as made by the WiggleZ Dark Energy Survey [34] in order to exploit the constraining power of data from large-scale structure. This latter data set consists of the galaxy power spectrum measured from spectroscopic redshifts of 170, 352 blue emission line galaxies over a volume of 1 Gpc 3 [35, 36] and the covariance matrices as given in [36] are computed using the method described by [37] . It has been shown that linear theory predictions are a good fit to the data regardless of non-linear corrections up to a scale of k ∼ 0.2 h/Mpc [12, 36] and for this reason, in this work, we use the WiggleZ galaxy power spectrum with k max = 0.2 h/Mpc. Finally, we marginalize over a linear galaxy bias for each of the four redshift bins, as in [36] .
III. A WORKED EXAMPLE I: MASSIVE NEUTRINOS AND f (R) MODELS
As we discussed in the Introduction, massive neutrinos are an extension of the cosmological standard model which modify the dynamics of linear scalar perturbations, leaving a characteristic imprint on the growth of structure [3] . Specifically, on linear scales smaller than the neutrino free streaming distance, the overall matter clustering is suppressed. Interestingly scalar tensor models of modified gravity leave a complementary signature on the growth of structure, enhancing the clustering on linear scales within the Compton scale of the extra scalar degree of freedom, because of the fifth force mediated by the latter. Depending on the mass of neutrinos and of the scalar field, there may be a significant degeneracy between the two effects at some redshifts and scales. The latter has been investigated to large extent in the context of f (R) theories of gravity, and generally an appreciable degeneracy has been found. However, a common feature of all previous analyses is the assumption of the quasi static (QS) limit in the equations for the perturbations and the employment of the QS parametrization introduced by Bertschinger and Zukin in [38] . In this paper we revisit this degeneracy employing EFTCAMB, which has the important virtue of letting us implement exact f (R) models and evolve their full dynamics. Another key feature of our analyses is the consistent treatment of the background cosmology, which is based on a designer reconstruction of f (R) models with the inclusion of massive neutrinos.
A. Numerical implementation of f (R) models
We shall now discuss in some detail the implementation of f (R) models into EFTCAMB. We will then review their implementation in MGCAMB [13, 39] , since in the following subsection we will compare the results obtained with these two codes.
f (R) gravity is described by the following action in Jordan frame
where f (R) is a general function of the Ricci scalar R, and S m is the matter action whose Lagrangian is minimally coupled to gravity. For a detailed review of the cosmology of f (R) theories we refer the reader to [40] [41] [42] . Despite the fourth order nature of the f (R) field equations, it can be shown that the above action belongs to the class of scalar tensor theory with second order field equations, where the role of the scalar d.o.f. is played by f R ≡ df /dR, commonly dubbed the scalaron [43] . The dynamics of linear scalar perturbations in models of f (R) gravity has been extensively studied in [44] [45] [46] . Here, we shall focus on the designer approach to f (R) theories that EFTCAMB exploits. It has been introduced in [44] and offers a practical way of reconstructing all f (R) models that reproduce a given expansion history. Once the latter is chosen, the modified Friedmann equation can be solved as a second order differential equation for f [R(a)]. While the original setup considered only dust in the energy budget of the Universe, in [46] the approach was extended to include radiation and in [11] to include also massive neutrinos via the approximation adopted by WMAP7 [47] . Here, we consistently include the massless/massive neutrino sector into the designer formalism by using instead the formula adopted by CAMB [6, 48] . Let us define the following dimensionless quantities with:
where the modifications of gravity are treated as an effective dark fluid with an equation of state w eff (a) and where we have enforced flatness
To be clear, here the subscripts "m", "r" and "ν" denote, respectively, non-relativistic matter (baryons and CDM), photons and neutrinos (including both massless and massive species). We assume that all massive neutrino species have equal masses and that neutrino decoupling in the early universe is instantaneous [6] so that their distribution function is given by the Fermi-Dirac distribution.
When neutrinos are in the relativistic regime their momentum is large compared to their rest mass q m ν a and their energy density and pressure are given by:
where
are the massless neutrino density and dimensionless neutrino mass parameter. N eff is the effective number of neutrino species whose standard value is 3.046 [49, 50] and T d and a d are the temperature and scale factor at neutrino decoupling, respectively. In the non-relativistic regime the bulk of the neutrinos have q m ν a and their energy density and pressure evolve in the FRW limit as:
where ζ s are Riemann zeta functions. In the intermediate regime their density and pressure are given by the numerical integral of the Fermi-Dirac distribution. As shown in [44] , the Friedmann equation for f (R) theories can be written as a second order differential equation for y
where a prime indicates derivation w.r.t. ln a and H 0 is the present day Hubble parameter. As written explicitly in (2), E contains also the contribution from neutrinos. We fix initial conditions deep in radiation dominated epoch (a ∼ 10 −8 ), when the effective dark component does not affect the evolution and the neutrinos are ultrarelativistic. The analysis in [46] is still valid but the inclusion of massive neutrinos affects the physical processes after matter-radiation equality. In particular their inclusion shifts the time of matter to radiation equality since at so early times neutrinos are in the ultra-relativistic regime. We emphasize that besides in the fitting formula of the neutrino sector, our work and [11] differ also in the epoch when initial conditions of the designer approach are set up; in [11] the initial conditions are fixed in the matter dominated era, while here they are set up during the radiation dominated epoch.
After fixing the expansion history, we are ready to solve the designer equation (6) . Following the argument in [44] we set to zero the amplitude of the decaying mode at initial time and we are left with only one free boundary condition. In other words, for a given expansion history we will find a family of f (R) models reproducing it and differing by the boundary condition. The latter is typically chosen to coincide with the present day value, B 0 , of the Compton wavelength in the Hubble unit
After an expansion history and a value for B 0 are chosen, EFTCAMB evolves the full, linear, dynamics of perturbations for the corresponding f (R) model. Things are different in the case when MGCAMB is used. While the framework at the basis of this code is in general not restricted to the quasi static limit, the implementation of specific models like f (R) relies on the parametrization introduced by Bertschinger and Zukin in [38] , and later extended in [46, 51, 52] , which is quasi static and introduces an approximation for the time evolution of f R . More specifically, the background is fixed to whatever the desired one is, in this case ΛCDM plus the parameter f ν modeling massive neutrinos. The effects of modified gravity are then taken into account via the following parametrization of Poisson and anisotropy equations:
where no QS limit has yet been taken, and σ m is the anisotropic stress from matter, to which neutrinos are expected to contribute at high redshift. For the specific case of f (R), µ and γ are expressed in terms of a single parameter, B 0 , as follows
which correspond to a QS approximation with a power law to describe the time evolution of the Compton wavelength of the scalar d.o.f. [53] . For the remaining, we will refer to (9) as the BZ parametrization. Equations (9) TABLE I . Second column: joint constraints on the B0 parameter of designer f (R) models and a varying neutrino mass, for different combinations of data sets as obtained with EFTCAMB; the last two rows report the comparison between EFTCAMB and MGCAMB for the specific combinations of data used in [12] . Third column: constraints on B0 in the case of a fixed neutrino mass ( mν = 0.06eV) as obtained with EFTCAMB. In both cases, we use different combinations of the data sets described in Section II.
are combined with the system of Boltzmann equations for matter components and the dynamics of linear scalar perturbations is evolved. They are numerically implemented in [13, 39] .
B. Results and Discussion
Armed with the full and consistent treatment of the background cosmology for f (R) theories in the presence of massive neutrinos, we can now turn our attention to the dynamics of linear scalar perturbations. While EFT-CAMB provides a number of different parametrizations for the effective dark energy equation of state that can be used in conjunction with the f (R) designer approach, in this paper we will consider only the case of a ΛCDM background. We compare our results with those obtained with the publicly available code MGCAMB [13, 39] , and in particular with its adapted version of [12] . We will focus on the constraints on the mass of neutrinos and on the B 0 parameter labeling f (R) theories.
Combining the different cosmological observables described in Section II, we explore constraints on designer f (R) models in the massive neutrinos scenario, both in the case of varying and fixed neutrino mass. The results are summarized in Table I . From there we can see that the PLC data set combined with BAO weakly constrain f (R) models so that in the range of interest there is no statistically significant bound on Log 10 B 0 both in the case of varying and fixed neutrino mass even though the mass of neutrinos is strongly constrained. This is because the constraining power of CMB temperaturetemperature spectrum on f (R) models is dominated by the ISW effect on the large scales. As shown in [54, 55] , the tension between the observed low value of large-scale multipoles of CMB temperature-temperature spectrum and ΛCDM prediction could indeed be reconciled by a large value of B 0 because of the ISW effect. On the other hand, the summed neutrino mass is constrained better by small scale data and is affected negligibly by the tension in the low-multipoles. This is confirmed by the black line in panels regardless of the mass of neutrinos.
The situation changes when CMB lensing data are added since both f (R) and massive neutrinos can affect those significantly and in a degenerate way. As we already discussed, larger values of B 0 correspond to a larger enhancement of the growth of structure below the Compton scale, while larger neutrino mass corresponds to a smaller free-streaming scale and hence a smaller suppression of the growth of structure below the mass scale. Hence, when lensing data are considered B 0 and m ν display a significant degeneracy which is noticeable in panel (a) of Figure 1 and the bounds on these quantities get worse as can be seen in Table I . Comparing the 1D likelihoods for B 0 , i.e. the red curves, in the middle and right panels of Figure 1 we can see a significant difference in the bounds between the case of varying and fixed neutrino mass. The present value of the Compton scale is well constrained when the neutrino mass is kept fixed ( m ν = 0.06eV) , with a bound of Log 10 B 0 < −2.3 at 95% C.L.. Instead, when the neutrino mass is varied the bound is looser.
Finally we can see that the addition of the WiggleZ data improves the situation. It is true that f (R) and massive neutrinos leave a degenerate imprint on LSS, however the constraining power of WiggleZ, and its high sensitivity to changes in B 0 within the range that we consider are able to partially alleviate the degeneracy. Hence we obtain a stringent bound on B 0 when the mass of neutrinos is fixed and, more generally, substantial bounds on both B 0 and m ν when the mass of neutrinos is varied. We compare our results with those obtained with MGCAMB, following the implementation described in Section III A. The results are in good agreement, even though there are some interesting differences that we shall discuss in the following. Form Table I we can see that the constraints obtained with EFTCAMB on Log 10 B 0 are a bit tighter while the bound on neutrino mass is weaker. The reason why this happens can be easily understood by looking at the marginalized joint likelihood of Log 10 B 0 and m ν in Figure 2 . From there we can see that there is a change in the degeneracy between these two parameters. This conclusion is further confirmed by looking at the principal components of the two parameters. These are shown in Figure 2 as two lines: the continuous one corresponds to the best constrained direction in parameter space while the dashed one corresponds to the worst constrained one. The blue lines correspond to results obtained with EFTCAMB, while the red lines correspond to those obtained with MGCAMB. As we can see the principal directions for the two codes differ noticeably. The same conclusion can be drawn from the other two panels of Figure 2 where we can see that the degeneracies between Log 10 B 0 , σ 8 and m ν change substantially. In particular, there is less degeneracy between σ 8 and m ν in f (R) cosmologies when the analysis is performed with EFTCAMB.
These changes in the degeneracies are due to the different modeling of modified gravity physics. As discussed in Section III A, with respect to the complete f (R) modeling of EFTCAMB the modeling of MGCAMB relies on two different assumptions, namely the QS regime for perturbation and the power law ansatz for the time dependence of the Compton wavelength of the scalaron, characteristic of the BZ parametrization. Depending on the observables under consideration and on the values of B 0 one approximation will affect results more than the other; a more detailed and quantitative analysis of the roles that these two assumptions play is subject of an ongoing investigation. 
IV. A WORKED EXAMPLE II: MASSIVE NEUTRINOS AND PURE EFT MODELS
Another built in case that can be explored with EFT-CAMB is the so called pure EFT mode, in which one parametrizes directly the time dependence of the different functions in the EFT action [15, 16] . For simplicity, we will focus on models that contain only the three background operators, i.e. the only ones that affect also the dynamics of the background besides that of the perturbations. The corresponding action is
where S 2 contains all EFT operators affecting only the dynamics of perturbations and S m is the action for matter fields, which are minimally coupled to the metric g µν . As discussed in [15] , we employ a designer approach and, after fixing the desired expansion history, we eliminate two of the three EFT functions in favor of the third one, which is typically chosen to be Ω(a); to fully specify the model we then need to choose a time dependence for the latter [56] . In this paper we investigate degeneracies between massive neutrinos and pure EFT models with a linear parametrization of Ω, i.e.
This model can be considered as a parametrization of a scalar-tensor theory, where Ω is the coupling function and the kinetic and the potential terms are represented respectively by the c function and c − Λ. Following the prescription in [15] once the background expansion history is chosen also the potential and the kinetic terms result to be fixed. While EFTCAMB allows to choose between several expansion histories in the following analysis we fix it to match the ΛCDM one. To test this model we used different combinations of the data set described in Section II; the corresponding constraints on Ω do not sensibly change with respect to the results reported in [16] , where neutrino masses were set to zero. In that case the bound on Ω EFT 0 was found to be Ω EFT 0 < 0.061 (95% C.L.) when considering Planck +WP+BAO+lensing (for details see Table I (a) in [16] ). The only exception is given by the most complete data combination which slightly improves on the previous bounds. Overall, the constraints on the sum of neutrino masses are more stringent than in the f (R) case for all the data sets considered, given the lack of degeneracy as can be noticed in Figure 3 . In particular the bounds are close to those found in [5] in the absence of modified gravity. However, when lensing data are added one can notice some weak degeneracy between Ω EFT 0 and m ν in the left panel of Figure 3 , which results in this data set favoring a slightly bigger neutrino mass and a smaller value of Ω EFT 0
. From the middle and right panels of Figure 3 , we can see that the degeneracy between σ 8 and Ω EFT 0 is also negligible and that the interplay between neutrino masses and σ 8 is not sensibly altered, with respect to [5] , by linear EFT models.
In conclusion, our results suggest that no degeneracy with massive neutrinos is present when the linear EFT model on ΛCDM cosmology is considered. One could wonder whether the same model on a different background would result in a different degeneracy. The results in [16] seem to imply that exploring the same model on wCDM would not alter so much the bounds, since no effects due to a modification of gravity would be appreciable. It would be certainly interesting to explore it on the CPL background [57, 58] . Certainly another line to explore in order to find sizable differences from general relativity would be that of investigating more complex temporal evolution of the non-minimally coupling constant Ω(a) than linear model.
V. CONCLUSIONS
It is well known that the addition of massive neutrinos to the standard cosmological model affects the growth of structures in the Universe. On the other hand, the same imprint on structure formation might be also a characteristic of a class of scalar tensor theories. That is why the degeneracy between the massive neutrino component and models of modified gravity has been extensively investigated, in particular for f (R) theories.
In this work we used EFTCAMB/EFTCosmoMC to investigate the degeneracy between massive neutrinos and generalized theories of gravity in a ΛCDM background. In particular we considered designer f (R) models and a simple linear EFT model, effectively consisting of a scalar field whose coupling to gravity changes linearly with the scale factor. In each case, we considered different combinations of the first released data of the Planck satellite, BAO measurements from as well as large scale structure data from Wiggle Z.
In the f (R) case, we found that the combination of Planck and BAO measurements displayed a marked degeneracy between the Compton wavelength of the scalaron and the sum of neutrino masses. With the addition of large scale structure data from the WiggleZ experiment we found that this degeneracy is alleviated resulting in stronger constraints. In particular the most complete data set that we used results in Log 10 B 0 < −4.1 at 95% C.L. if neutrinos are assumed to have a fixed mass equal to m ν = 0.06 eV and Log 10 B 0 < −3.8 and m ν < 0.32 at 95% C.L. if neutrino masses are allowed to vary. We compared our results to those obtained by means of MGCAMB, in which f (R) models are typically treated via parametrization introduced in [38] , which assumes the quasi static regime and a specific power law evolution for the characteristic lengthscale of the model. Overall there is good agreement between the two codes, finding however that due to the different modeling there is a slight change in the degeneracy between f (R) models and massive neutrinos. In particular this degeneracy changes direction in parameter space resulting in the fact that EFTCAMB obtains stronger bounds on Log 10 B 0 but weaker constraints on m ν . We observed that also other degeneracies are affected by the different physical modeling so that with EFTCAMB there is less degeneracy between f (R) models and σ 8 .
In the case of the pure linear EFT model we found that, in contrast to the f (R) case, there is no appreciable degeneracy between the present day value of the coupling, Ω EFT 0
, and the sum of neutrino masses for all the data set combinations that we considered. As a result the constraints on Ω EFT 0 slightly improve with respect to the one previously obtained in [16] regardless of the presence of massive neutrinos. The combination of the PLC, BAO, lensing and WiggleZ data then results in Ω EFT 0 < 0.05 and m ν < 0.26 at 95% C.L.. This work was made possible by the release of an updated version of EFTCAMB/EFTCosmoMC which is publicly available at http://wwwhome.lorentz. leidenuniv.nl/~hu/codes/ and includes the full compatibility with massive neutrinos of all the built-in modified gravity models. In addition, it includes the complete modeling of the effects of modified gravity on tensor modes and polarization spectra. The designer section of the code has been expanded with the inclusion of designer minimally coupled quintessence models and the stability priors have been equipped with several options to control the ones that are not related to mathematical stability. Finally, the updated version includes several new parametrizations for the equation of state of DE that are also fully compatible with designer models. 
